Organometal halide perovskites are promising materials for lowcost, high-efficiency solar cells. The method of perovskite layer deposition and the interfacial layers play an important role in determining the efficiency of perovskite solar cells (PSCs). In the paper, we demonstrate inverted planar perovskite solar cells where perovskite layers are deposited by two-step modified interdiffusion and one-step methods. We also demonstrate how PSC parameters change by doping of charge transport layers (CTL). We used dimethylsupoxide (DMSO) as dopant for the hole transport layer (PEDOT:PSS) but for the electron transport layer [6,6]-phenyl C 61 butyric acid methyl ester (PCBM)) we used N,N-dimethyl-N-octadecyl(3-aminopropyl)trimethoxysilyl chloride (DMOAP).
INTRODUCTION
Solar energy continues to be a potential source of clean, abundant and sustainable energy. The photovoltaic process is considered an ideal energy process -photovoltaics convert solar energy directly to electrical energy. In recent years, great atten-tion has been paid to organic-inorganic hybrid halide perovskite solar cells (ABX 3 , A=CH 3 NH 3 , B=Pb, Sn, X=I, Cl, Br) [1] - [7] . Miyasaka and colleagues in 2009 incorporated perovskite semiconductor in solar cell and represented solar cell with power conversion efficiency (PCE) 3.8 % [8] . Then perovskite solar cell (PSC) efficiency increased rapidly to 22.1 % [9] . Apart from their high efficiency, perovskites have many other advantages, including low cost, light weight, mechanical flexibility, semi-transparency. Perovskites emerged as highly attractive sunlight convertors for their high charge carrier mobility, high absorption coefficient and long electron-and hole-diffusion lengths [6] , [10] - [12] .
Performance of PSCs is closely related to the morphology and chemical composition of the perovskite absorbers [13] . The most widely studied perovskites are methylammonium triiodide lead perovskite (CH 3 NH 3 PbI 3 ) [2] - [4] and its mixed analogue methylammonium chloride-iodide lead perovskite (CH 3 NH 3 PbI 3-x Cl x ) [13] , [14] . The Cl -in precursor solution can enhance crystallinity of the resulting perovskite films. The improved carrier transport has also been observed in MAPbI 3-x Cl x films with carrier diffusion length exceeding 1 µm, which is one order of magnitude larger than that of MAPbI 3 [15] . In addition, it has been mentioned for the first time by Snaith et al. that introducing trace quantity of chlorine can dramatically improve electrical properties of perovskite materials [16] . It should also be noted that in mixed halide perovskites the carrier lifetime can be prolonged substantially to ~1 microsecond [17] .
There can be two types of perovskite solar cells -mesoporous cells [11] , [18] - [20] , where perovskites are grown on a mesoporous oxide layer, and planar cells [4] , [21] , [22] . However, mesoporous devices need high temperature sintering that increases the processing time and cost of solar cell. Planar devices through a simple, scalable and low-temperature technique can make perovskite solar cells commercially viable.
The planar devices can be divided into regular (n-i-p) and inverted (p-i-n) structures depending on the selective contact used on the bottom. The general solvents used for PSCs, such as N,N-dimethylformamide (DMF) and dimethylsulfoxide (DMSO), have very good solubility and can wash off the most of the underlayer of perovskites. Therefore, many conventional hole transporting materials (HTL) are difficult to apply in the p-i-n type PSCs. The most used HTL in inverted type cells is poly(3,4-ethylenedioxythiophene) polysterene sulphonate (PEDOT:PSS) [23] , [24] . Many inorganic oxides are also widely used, such as NiO [25] , NiO x [26] , VO x [27] , CuO x [28] . Different fullerene derivatives, such as [6, 6] -phenyl C 61 butyric acid methyl ester (PCBM), are widely used as electron transporting material in inverted perovskite solar cells [1] , [23] , [29] . PCBM is the commonly used ETL material due to its solution processibility, appropriate energy levels for efficient exciton dissociation, and good electron transport and hole blocking properties [30] .
In the present paper, we demonstrate inverted planar heterojunction perovskite solar cells where perovskite layers are formed by the two-step modified interdiffusion and one-step methods. We also investigate how PSC parameters change by doping ETL or both ETL and HTL. The ITO-coated glass substrates (PGO) (15 ohm/sq) were cleaned in chloroform (Sigma Aldrich), acetone (Sigma Aldrich), deionized water and isopropanol (Sigma Aldrich) in ultrasonic bath for 15 min in sequence and exposed to ultraviolet ozone (UVO) irradiation for 20 min. PEDOT:PSS (Clevios Baytron AI 4083) water solution with or without DMSO (Sigma Aldrich) was spin coated on ITO at a rate 5000 rpm for 60 sec at 60 °C and annealed at 145 °C for 30 min.
Then CH 3 NH 3 PbI 3-x Cl x layer was deposited by using the two methods -the two-step modified interdiffusion [31] (sample N1) and one-step [32] (samples N2, N3, N4) methods.
• Two-step modified interdiffusion method: the mixture of PbI 2 (TCI) and PbCl 2 (Sigma Aldrich) (with molar ratio 3.4) dissolved in DMF (Sigma Aldrich) and DMSO solvent mixture with molar ratio 3 was spin coated at a rate 6500 rpm at 65 °C for 75 s using 65 °C hot solution and was dried for 10 minutes at room temperature and for 10 minutes at 70 °C with the aim to remove remaining solvents. Methyl ammonium iodide (MAI) CH 3 NH 3 I (TCI ) solution in 2-propanol (40 mg/mL) was spin coated at a rate 6000 rpm at 65 °C on top of PbI 2 /PbCl 2 layer. The obtained bilayer system was annealed in the closed system at 100 °C for 1 h and additionally for 1 h in argon atmosphere to finish the formation of CH 3 NH 3 PbI 3-x Cl x perovskite film.
• One-step method: perovskite precursors solution in DMF was spin coated on PEDOT:PSS at a rate 6500 rpm for 60 sec at 40 °C. After a few seconds when the spin coating process of perovskite solution was started, 200 µL anhydrous chlorobenzene (Sigma Aldrich) was dropped onto the centre of the substrate to induce fast crystallization [32] . The obtained film was annealed at 80 °C for 30 min and then at 100 °C for 60 min to complete the formation of CH 3 NH 3 PbI 3-x Cl x perovskite layer. After cooling down to room temperature (RT), the sample was moved into methylamine (MA) 33 wt% solution in ethanol vapours for some seconds (Acros Organics) to obtain smoother surface [33] . After the perovskite layer was deposited, PCBM (Solenne) solution in chloroform (20 mg/mL) with or without 2.5 mol% N,N-dimethyl-N-octadecyl(3-aminopropyl)trimethoxysilyl chloride (DMOAP) (Sigma Aldrich) was spin coated at a rate 2000 rpm for 60 sec at 40 °C and annealed at 80 °C for 30 min and then at 100 °C for 60 min. After cooling down to RT, the sample was transferred into the high vacuum chamber where C 60 fullerene and Ag (Kurt J. Lesker company) electrode layers were thermally evaporated. Double fullerene layer (samples N1 and N2) was used with the aim to passivate the trap states [34] . Active cell area was 7 mm 2 . All photoelectric measurements were made in the same homemade vacuum cryostat system where C 60 and electrode layers were thermally evaporated without breaking the vacuum and moving the cell. During the evaporation process the thickness of C 60 and Ag electrode was controlled by a calibrated 10 MHz quartz oscillator and frequency meter. The spectral dependencies of short circuit photocurrent external quantum efficiency (EQE) were investigated in the spectral range 370-900 nm, using a synhro-detection technique and PC controlled data storage equipment [35] , [36] . The samples were illuminated by chopper-modulated monochromatic light. The selected light modulation period was chosen as 6 s long and the light intensity was controlled by a calibrated Si photodiode. A constant photon flux on the sample during the measurement was achieved by a computer controlled movement of the Thorlabs linear variable optical density metallic ND filter with the correction on the Si photodiode spectral sensitivity. The dark current was checked permanently as a residual current during the end of the dark half-period of light modulation for evolution series and shunt resistances of our cells.
RESULTS AND DISCUSSION
Spectral dependencies of the external quantum efficiency (EQE) and optical density of photoactive layer are shown in Fig. 2 . Spectral dependencies are measured at 10 15 phot/(cm 2 •s) light intensity. EQE values grow by ~ 30 % if the preparation method of perovskite layers is changed from the two-step modified interdiffusion method to the one-step method (compare samples N1 and N2). EQE values grow by ~ 10 % if the electron transporting layer (ETL) PCBM is doped by DMOAP with concentration of 2.5 mol% [37] . The hydrolyzable alkoxysilane groups on DMOAP enable moisture cross-linking through the formation of stable siloxane bonds. This doped PCBM interfacial layer provides multipositive effects for the use in PSCs, including excellent film coverage on the perovskite layer, good robustness against the undersirable reaction between the mobile iodide ions and Ag electrode, reasonable electrical conductivity, finetunability of WF of Ag electrode [37] . The highest EQE values (which exceed 90 %) can be achieved by doping both the hole transporting layer (HTL) PEDOT:PSS and ETL. DMSO as additive promotes pinhole-free perovskite layer formation. DMSO acts as a solvent of the MAPbI precursors and mediates the nucleation and crystallization at the PEDOT:PSS surface [38] . As it is shown in Fig. 2 , samples with perovskite layers prepared by the onestep method (samples N2, N3 and N4) demonstrate higher EQE values than the sample with the perovskite layer prepared by the two-step modified interdiffusion method (sample N1).
The increase in EQE values is accompanied by the decrease in FF as it is shown in Fig. 3 and Table 1 . Fill factor (FF) values do not exceed 0.4 for samples (N2, N3 and N4), where the perovskite layer is made by the one-step method, but for sample N1 (the perovskite layer is made by the two-step modified interdiffusion method) FF values exceed 0.58. The lowest FF values are observed for sample N2 (~0.3). FF values increase slightly by doping ETL (sample N3) or both ETL and HTL (sample N4). However, in sample N4 we observe large hysteresis, in samples N1, N2 and N3 hysteresis practically is insignificant (Fig. 3) . R shunt values are about an order smaller for sample N4 than in sample N2 and N3 and about two orders than in sample N1.
The highest open circuit voltage (V OC ) values are observed for samples where the perovskite layer is made by the one-step method (for sample N4, where both EHL and HTL are doped), V OC value is 1.1 V. But for sample N1 V OC value is only 0.86 V. The power conversion efficiency (PCE) is calculated according to formula 1 [35] . (1) where
FF -fill factor; EQE -external quantum efficiency for short circuit photocurrent; E phot -energy of photon, eV.
PCE spectral dependencies are shown in Fig. 4 . The higher PCE values are observed by using the one-step method for preparing the perovskite layer and they exceed 10 % even for undoped CTLs (Fig. 4a) . When the ETL is doped, PCE increases to 12-14 %. If both HTL and ETL are doped, PCE increases up to 16-17 % (Fig. 4b) , but in this case we observe very strong hysteresis (sample N4 in Fig. 4b ), possibly by trap states which are formed in the layers when ETL and HTL are doped. 
CONCLUSIONS
We have reported on four planar heterojunction systems, where perovskite layers are formed by using the two-step modified interdiffusion and one-step methods and where ETL or both ETL and HTL are doped. We have found that
• higher EQE, V OC and PCE values are observed, when the perovskite layer is formed by using the one-step method employing fast crystallization; • higher FF and R sh values are observed, when the perovskite layer is formed by using the two-step modified interdiffusion method without doping CTLs; • when both ETL and HTL are doped, strong hysteresis is observed in current-voltage and PCE spectral dependencies possibly by too high carrier trap concentration. Organometāliskie halogenīdu perovskīti ir daudzsološs materiāls lētu augsti efektīvu saules elementu izveidei. Perovskīta slāņa uznešanas metode un starpslāņu izvēle stipri ietekmē perovskīta saules elementu efektivitāti. Šajā darbā mēs demonstrējam inversās planārās perovskīta saules šūnas, kurās perovskīta slānis tiek veidots, izmantojot modificētu interdifūzijas divpakāpju vai vienpakāpes metodes. Ka arī mēs parādam, kā perovskīta saules elementu parametri mainās atkarībā no lādiņa transportslāņu dopēšanas. Caurumu transportslānim (PEDOT:PSS) kā dopantu mēs izmantojām dimetilsulfoksīdu (DMSO), bet elektronu transportslānim ( [6, 6] -fenil C 61 sviestskābes metilesterim (PCBM)) N,N-dimetil-N-oktadecil(3-aminopropil)trimetoksisilil hlorīdu (DMOAP).
Augstākas PCE, EQE un V OC vērtības tika sasniegtas šūnām, kurās perovskīta slānis tika veidots, izmantojot vienpakāpes metodi ar paātrināto kristalizāciju un dopētiem lādiņa transporta slāņiem, bet augstākas FF un R sh vērtības -šūnām, kurās perovskīta slānis veidots, izmantojot divpakāpju metodi, un ar nedopētiem lādiņa transporta slāņiem.
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